Laromustine (also known as cloretazine, onrigin, VNP40101M, 101M) is a prodrug of 90CE, a short-lived chloroethylating agent with anticancer activity. The short half-life of 90CE necessitates the use of latentiated prodrug forms for in vivo treatments. Alkylaminocarbonyl-based prodrugs such as laromustine exhibit significantly superior in vivo activity in several murine tumor models compared to analogs utilizing acyl, and alkoxycarbonyl latentiating groups. The alkylaminocarbonyl prodrugs possess two exclusive characteristics: (i) They are primarily unmasked by spontaneous base catalyzed elimination; and (ii) they liberate a reactive carbamoylating species. Previous speculations as to the therapeutic superiority of laromustine have focused upon the inhibition of enzymes by carbamoylation. We have investigated the therapeutic interactions of analogs with segregated chloroethylating and carbamoylating activities (singly and in combination) in the in vivo murine L1210 leukemia model. The combined treatment with chloroethylating and carbamoylating prodrugs failed to result in any synergism and produced a reduction in the therapeutic efficacy compared to the chloroethylating prodrug alone. Evidence supporting an alternative explanation for the superior tumor selectivity of laromustine is presented that is centered upon the high pH sensitivity of its base catalyzed activation, and the more alkaline intracellular pH values commonly found within tumor cells.
| INTRODUCTION
1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine (90CE) is a short lived (t 1/2 ~30 s at 37°C, pH 7.4) weakly acidic (pKa ~6.7) chloroethylating agent that targets the O-6 position of DNA guanine to produce an anticancer effect ( Figure 1  panels a, b) . [1] [2] [3] [4] The short half-life of 90CE precludes its direct use as a therapeutic agent due to insufficient time for distribution. Laromustine (1,2-bis(methylsulfonyl)-1-(2-chlo roethyl)-2-[(methylamino)carbonyl]hydrazine, also known as cloretazine, onrigin, VNP40101M, 101M) and related 90CE prodrugs were produced by replacing the N-2 proton on 90CE with various masking groups. This prevents the formation of the unstable 90CE anion, essential for the generation of chloroethylating electrophiles, until the masking groups is cleaved (Figure 1 panel a) . [1] [2] [3] [4] Thus, slow cleavage of the F I G U R E 1 Introductory graphic. Panel (a), The generation of 90CE from acyl, alkoxycarbonyl, and alkylaminocarbonyl prodrugs. Prodrugs with acyl or alkoxycarbonyl N-2 substitutions are activated metabolically, whereas aminocarbonyl N-2 substituents are primarily activated by spontaneous base catalyzed hydrolysis. The alkylaminocarbonyl prodrugs also produce a reactive isocyanate during 90CE generation that is capable of inhibiting enzymes with essential active site thiol(s) or reacting with non-protein sulfhydryls such as glutathione. 90CE undergoes a rapid elimination reaction to produce a fleeting oxophilic chloroethylating species that can react with O-6 position of DNA guanine. Panel (b), Reaction sequence leading to the formation of a highly toxic DNA interstrand cross-link following the O-6 chloroethylation of DNA guanine, and the points where the repair protein MGMT can block cross-link formation. Panel (c), Greater therapeutic index (lethal dose 50%/effective dose 50%, LD 50 /ED 50 ) of a single i.p. dose of the alkylaminocarbonyl-based 90CE prodrug laromustine compared to the acyl based prodrug 1-acetyl-1,2-bis(methylsulfonyl)-2-(2-chloroethyl)hydrazine (90AC) toward L1210 leukemia in female CD 2 F 1 mice (pooled historical data 5-14 mice per data point (8) ). Deaths at the higher dosage levels are due to drug toxicity. The approximate ED 50 and LD 50 values are indicated. Panel (d), Cancer cells frequently utilize aerobic glycolysis (the Warburg effect) as their major energy producing pathway even in the presence of sufficient oxygen for normal aerobic glucose oxidation. This results in the production of only two ATP molecules per glucose molecule versus ~36 via normal oxidative glucose catabolism. The lower ATP yield is compensated for by having a higher pathway flux. To permit this increased glucose flux and manage the high production of lactic and pyruvic acids cancer cells express high levels/activities of glucose transporters and acid extruders (monocarboxylic acid transporters 1 and 4, and proton export systems [35, 36] ). This results in atypically high intracellular pH values in cancer cells, and this further promotes glycolysis due to the high pH activation of several glycolytic enzymes. [35, 36] For cancer cells, the extracellular pH can be quite variable, for a leukemia cell in the circulation, the extracellular pH would be ~7. 4 , but in solid tumors due to the inefficient clearance of exported acids, the extracellular pH can be much more acidic. [35] Panel (e), Structures of bis(sulfonyl)hydrazine prodrugs possessing chloroethylating activity only (90AC), carbamoylating activity only (ProMIC), and combined chloroethylating and carbamoylating activities (laromustine) [Colour figure can be viewed at wileyonlinelibrary.com] | PENKETH ET al. masking group from the N-2 position results in the liberation of active 90CE after the distribution of the prodrug form has occurred. Acyl, alkoxycarbonyl, and alkylaminocarbonyl 90CE prodrug classes were synthesized, and all three classes contained agents capable of exhibiting high activity in in vivo murine tumor models. The alkylaminocarbonyl derivatives, exemplified by laromustine, were superior in activity toward several in vivo murine tumor models, [4] and the rank order of antitumor activity against L1210 leukemia for the most active members of each class was alkoxycarbonyl ≈ acyl < alkylaminocarbonyl. [4] [5] [6] [7] Laromustine exhibited a therapeutic index (LD 50 /ED 50 ) against L1210 leukemia in female CD 2 F 1 mice of >8. This value is approximately four times that of the best acyl prodrug 1-acetyl-1,2-bis(methylsulfony1)-2-(2-chl oroethyl)hydrazine (90AC) (Figure 1 panel c) . [5, 8] The outstanding therapeutic index of laromustine played a major role in its selection for clinical evaluation. [4] However, the reasons behind the significant disparity in therapeutic index between the different 90CE prodrug forms have remained obscure. During its decomposition, the 90CE anion produces transient oxophilic chloroethylating species that react with DNA guanine to generate the O 6 -(2-chloroethyl)guanine DNA lesion. [1, 2, 9] This lesion undergoes an intramolecular nucleophilic substitution followed by reaction with the opposing cytosine to form a highly cytotoxic DNA inter-strand crosslink (G-C ethane cross-link) [2] [3] [4] (Figure 1 panel b) . These cross-links appears to be responsible for the vast majority of the cytotoxicity of 90CE and its prodrugs toward responsive tumor cell lines. [3, 10, 11] O 6 -Alkylguanine-DNA alkyltransferase (MGMT) is the major protein involved in the repair of the initial lesions, preventing the formation of the highly cytotoxic G-C ethane cross-links [11] (Figure 1 panel b) . Murine tumor models that are highly responsive to 90CE prodrugs typically lack detectable MGMT activity, and it is likely that differentials in MGMT activity between tumor and normal cells are the primary determinant of efficacy for agents of this type in most cases. [4] A small subset of human tumors (of diverse types) have been reported to lack detectable MGMT activity, [3, 4, [10] [11] [12] and these subsets would be expected to be suitable candidates for treatment with 90CE prodrugs. During the liberation of 90CE from the alkoxycarbonyl and acyl prodrugs relatively innocuous byproducts are generated from the masking group (simple alcohols/CO 2 and carboxylic acids, respectively); in contrast, the alkylaminocarbonyl prodrugs produce a reactive isocyanate (Figure 1 Panel a). [13] [14] [15] [16] There are at least three different classes of simple alkylating anticancer agents that contain alkylaminocarbonyl moieties, that either obligatorily generate reactive isocyanates during their decomposition (chloroethylnitrosoureas), [17, 18] or this property is possessed by the most therapeutic members of their respective classes (1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazines [4, 8] , and 1,3-dialkyltriazenes). [19] This has led to speculation on potential beneficial role(s) of isocyanates in the anticancer activity of these agent classes. [13, [20] [21] [22] [23] [24] Isocyanates are highly reactive toward soft nucleophiles such as thiol groups and are thus able to inhibit numerous enzymes that contain an essential thiol group(s) as part of their active site in in vitro assays [25] by acting as non-specific protein covalent modifiers (NSPCMs) (Figure 1 Panel a insert). Thus, it is not surprising that agents that are the prodrugs of isocyanates have been shown to inhibit multiple thiol dependent enzymes in in vitro assays including MGMT and other proteins involved in DNA repair. [15, [26] [27] [28] [29] These isocyanate-dependent DNA repair inhibitions could, at least in theory, provide a potential explanation for the superior cytotoxic performance of DNA damaging agents that corelease reactive isocyanates. However, using this argument to account for the greater neoplastic selectivity of laromustine compared to other 90CE prodrugs is more challenging, because such inhibitions would be expected to sensitize both normal and tumor cells to 90CE. Additionally, the lack of detectable MGMT expression in highly responsive tumor models, such as L1210 (wild type), [30] excludes isocyanate inhibition of MGMT as a potential explanation for laromustine's superiority in these cases. Furthermore, many in vitro isocyanate-dependent inhibitions likely do not accurately reflect the in vivo situation. High concentrations of glutathione, in in vivo conditions, can strongly temper isocyanate dependent inhibitions by acting as competing targets. [15] In in vitro cellular studies, due to the very low cell densities relative to in vivo conditions, essential enzyme thiol groups are ineffectively protected from the vast molar excess of isocyanate/ isocyanate precursors available within the medium. Under these circumstances, the limited low molecular weight thiol pools within the cells are readily titrated and the inhibition of isocyanate-sensitive enzymes heavily favored. Similarly, in studies involving isolated enzymes (in the absence of high concentrations of protective thiols) deceptively strong non-physiological inhibitions can be observed. Owing to the strong tendency of NSPCMs to give misleading in vitrospecific positive results, they have been classified as PAINS (pan-assay interference compounds). [31] It has therefore been advocated that NSPCMs/PAINS be removed from or ignored in compound libraries due to their tendencies to generate artifactual (or inflated minor-effect) research sidetracks. [31] However, to further complicate this picture, some isocyanates, such as chloroethyl isocyanate, can indirectly function as specific protein covalent modifiers due to the tendency of their initial carbamoylation reaction products to participate in transcarbamoylation reactions with particular thiol residues on specific enzymes. [32, 33] Thus, while low concentrations of both methyl isocyanate and chloroethyl isocyanate strongly and equivalently inhibit isolated human glutathione reductase in the absence of competing thiols, only chloroethyl isocyanate (and precursors thereof) retains significant inhibitory activity in whole blood, cell suspensions, and animal models where thiols are abundant. [15, 32, 33] Additionally, some isocyanate inhibited processes are expected to have negative effects on the anticancer activity of cytotoxic species; such as the reported inhibition of apoptosis via the inactivation of caspases (caspases are cysteine-aspartic proteases [34] ) by chloroethyl isocyanate. [29] Therefore, it remains an open question as to the beneficial role, or otherwise, played by isocyanates in the in vivo therapeutic activity of alkylaminocarbonyl-based prodrugs of 90CE such as laromustine. The acyl, alkoxycarbonyl, and alkylaminocarbonyl 90CE prodrug classes also differ in their mode of masking group cleavage. Prodrugs containing acyl and alkoxycarbonyl masking groups do not undergo spontaneous masking group cleavage at any significant rate at close to neutral pH values and are activated by metabolic processes, while the alkylaminocarbonyl masking groups readily undergo spontaneous base catalyzed elimination/cleavage [4] [5] [6] 15, 16] (Figure 1 panel a). The atypically alkaline intracellular pH (pHi) values of ~7.5 to 7.65 commonly found in tumor cells [35, 36] (Figure 1 panel d), including L1210 leukemia, [37] compared to those of normal tissue cells (pH value of ~7.2) [35] could potentially speed the base catalyzed activation of alkylaminocarbonyl prodrugs.
Herein we explore the therapeutic interactions of carbamoylating and chloroethylating activities in the in vivo murine L1210 leukemia model by treatment with 1,2-bis(methylsulfonyl)hydrazines analogs (Figure 1 panel e) with segregated chloroethylating and carbamoylating activities both singly, and in combination, to model the two activities generated by laromustine. Additionally we examine the pH and base concentration dependency of the spontaneous activation of laromustine. The overall aim of these studies is to illuminate processes behind the therapeutic superiority of laromustine compared to other simple 90CE prodrugs that may be useful in future antineoplastic drug design.
| MATERIALS AND METHODS

| Chemicals
All chemicals were purchased from the Sigma-Aldrich Chemical Company, St. Louis, MO, except where specified. Hoechst 33258 was obtained from Molecular Probes, Inc., Eugene, OR. Laromustine (1,2-bis(methylsulfonyl)-1-(2-chl oroethyl)-2-[(methylamino)carbonyl]hydrazine) and 90AC, (1-acetyl-1,2-bis(methylsulfonyl)-2-(2-chloroethyl)hydrazine) were synthesized in this laboratory as previously described [5, 7] (structures given Figure 1 panels a and e). ProMIC 1,2-bis( methylsulfonyl)-1,2-bis(methylaminocarbonyl)hydrazine was synthesized using a procedure similar to that described for laromustine, but substituting 1,2-bis(methylsulfonyl)hydrazine for 90CE (structure given Figure 1 panel e).
| Cultivation of L1210 leukemia
L1210 murine leukemia cells were grown in suspension culture in RPMI 1640 medium supplemented with 10% FBS in air/5% CO 2 at 37°C. The cells were subcultured as required every 2-3 days.
| Murine L1210 cell DNA preparation
DNA was isolated using a Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN) using procedures recommended by the manufacturer. The H + ion liberation permits the real-time tracking of laromustine decay. Laromustine initially produces methyl isocyanate and 90CE, then these two fleeting products breakdown with very short half-life values (<20, and ~6 s at 50°C, pH 7-8, respectively) [1, 38, 39] ions generated (or consumed) in a weakly buffered solution of phenol red at pH values close to the pKa of the buffer/ indicator components over small pH ranges (maximum total ΔpH <0.03 units). [1] In these studies, the initial pH of the solutions was adjusted versus pH standards at 50°C. To ascertain if the decay of laromustine was subject to general or specific acid/base catalysis, the [Pi] was varied between 1 and 32 mm using the fastest previously used decay conditions (pH 8.0 and 50°C). The increased [Pi] strengthens the buffering capacity (decreasing the assay sensitivity) necessitating the use of greater laromustine concentrations in these experiments. Thus, laromustine was used at concentrations from 5.0 to 125.0 μm for assay conditions utilizing 1-32 mm Pi. At physiological temperature (37°C), pH values (7.2-7.6), and [Pi] (1-20 mm), the half-life of laromustine is much longer, this would result in excessively long experiments if the half-life values were to be determined by following laromustine decay to near completion. We therefore calculated the half-life under these conditions from the initial rate of H + liberation utilizing the first-order decay equation. To calculate the half-life by this method, we need to know the total quantity of H + liberated at reaction completion. This latter value can be easily determined at the appropriate pH values knowing the initial concentration of laromustine and the pKa values of the decomposition products. 90CE produces two moles of strongly acidic species independently of the proportion entering either of its two major decomposition pathways [1, 9] (Figure 2 , panels c and d approximates to a first order decay process. The curve shown in red is a best fit single-phase exponential decay curve fitted to the experimental data points shown in blue [Colour figure can be viewed at wileyonlinelibrary.com] of 7.2, 7.4, and 7.6, respectively. The H + sensitivities for the change in absorbance at 560 nm of these assay solutions (100 mm KCl, 10 mg/ml phenol red and 1, 5, 10 and 20 mm Pi) were determined using HCl standards for each pH value and [Pi] studied. To obtain sufficiently fast (easily measured) peak initial rate values, the reactions were initiated by adding between 0.20 and 2.0 mm laromustine. The highest laromustine concentrations being utilized under conditions where the buffering capacity of the assay solution was the greatest (20 mm Pi, pH 7.2), and the lowest where the buffering capacity of the assay solution was the least (1 mm Pi, pH 7.6).
| Murine L1210 leukemia studies
| Determination of the effects of pH on the cross-linking of L1210 DNA by laromustine and 90CE
DNA molecules containing one or more covalent interstrand cross-links rapidly renature upon snap cooling following thermal denaturation, because the cross-links hold the complementary DNA strands in register. As the dye H33258 forms a highly fluorescent complex with double-stranded DNA, but only weakly fluoresces with mispaired/denatured DNA, DNA molecules containing cross-links will yield highly fluorescent complexes following a heat/chill cycle, whereas DNA molecules devoid of such cross-links will not. [2, 41] L1210 DNA prepared as described above was washed 4× with either pH 7.2 or pH 7.6, 20 mm potassium Pi, 100 mm KCl, 0.1 mm NaN 3 , buffer using Amicon Ultra-0.5 ml (Ultracel-10 membrane, NMWL 10000) Centrifugal Filters. Small aliquots (15 μl) of washed DNA (final concentration ~200 μg DNA/ml) were then mixed with an equal volume (15 μl) of freshly prepared icecold 2 × 90CE or 2× laromustine solutions in equivalent buffers and incubated for 10 min at 37°C. These reaction mixtures were then quenched by a 50-fold dilution with 5 mm Tris-HCl, 1.0 mm EDTA, and 1.0 mm NaN 3 buffer (pH 8.0). This dilution largely blocks but does not completely halt further DNA alkylation from occurring during the workup procedure. Therefore, to correct for any postquenching reaction, an additional control for each sample is included in which the initial sample contains no DNA and the DNA is added after the 50-fold dilution step. All samples are then incubated in sealed tubes for 2.5 hr at 55°C, this temperature is sufficient to allow the initial O 6 -(2-chloroethyl)guanine lesions to quickly transition into DNA-DNA interstrand cross-links, but is insufficient to thermally denature the DNA. These samples are then returned to room temperature and Hoechst H33258 fluorescent dye added to give a final concentration of 0.1 μg/ml. The fluorescence was then measured using a Hoefer Scientific Instruments TKO 100 fluorometer (λex 365 nm, λem 460 nm). The mixtures were then heated to 100°C for 5 min and plunged into a water bath at room temperature for 5 min and the fluorescence immediately measured. The percentage of DNA molecules that were crosslinked (i.e., containing at least one cross-link per molecule) and the number of cross-link moieties per DNA molecule in each sample were then calculated from the change in fluorescence in comparison with DNA not treated with cross-linking agent as previously described. [2, 41] To obtain the number of cross-link moieties per DNA molecule occurring during the 10-min reaction window, the value obtained for samples where the DNA was added after the dilution step is subtracted from the value obtained for samples were the DNA was initially present.
| RESULTS AND DISCUSSION
| In vivo activity of 90AC, ProMIC, and combinations thereof against L1210 leukemia
The in vivo activity of combinations of chloroethylating (90AC) and carbamoylating (ProMIC) bis(sulfonyl)hydrazine prodrugs was evaluated against L1210 leukemia in mice. The wild-type L1210 murine leukemia cell line used in this study lacks detectable MGMT expression [42] and thus is highly responsive to prodrugs of 90CE. [8] In these experiments, mice bearing L1210 leukemia were treated with either a single dose of a prodrug that generated methyl isocyanate (carbamoylating activity) or one that generated 90CE (chloroethylating activity), or combinations of these agents to deliver both activities to the same animal via independent prodrugs. It can be seen in Figure 3 , panels A and B that treatment with 90AC alone resulted in a maximum therapeutic effect at 40 mg/kg where three of the four mice became long-term survivors, and no toxic deaths were observed until a dose of 60 mg/kg was reached. These findings are similar to earlier 90AC single dose studies in our laboratory where 40 mg/kg was found to yield the greatest therapeutic effect (producing up to 5/5 long-term survivors) with deaths due to 90AC toxicity again being observed at doses of ≥60 mg/kg (Figure 1 panel c) . In contrast ProMIC as a single agent exhibited no observable anti-leukemic activity or overt signs of toxicity at doses up to 60 mg/kg ( Figure 3 , panel a). Nevertheless co-treatment with both agents resulted in reduced efficacy compared to 90AC alone due to an apparent antagonism of the therapeutic actions ( Figure 3, panel b) and an increase in toxicity to the mice from the prodrug combination ( Figure 3, panel c) . If the broader therapeutic range observed with laromustine compared to 90AC (Figure 1 , panel c) had been largely the consequence of laromustine being a dual prodrug of synergistic 90CE and methyl isocyanate, it may have been expected that co-treatment with 90AC and ProMIC may have, at least partially, recapitulated the superior activity of laromustine at some dose combinations. Bis(sulfonyl)hydrazines with segregated carbamoylating and chloroethylating activities have been used in an analogous manner to successfully dissect the contributions of these activities toward various processes such as DNA cross-linking/ nicking, enzyme inhibition, and cytotoxicity in a number of in vitro studies. [ vivo experiments involve many additional variables that can greatly complicate interpretation compared to in vitro studies. However, the strongly negative rather than positive consequences of in vivo 90CE/methylisocyanate co-liberation do not support the contention that the dual prodrug nature of laromustine is likely the direct basis for its higher therapeutic index. These in vivo cytotoxicity observations are somewhat reminiscent of earlier in vitro studies where the cytotoxic effects of agents with carbamoylating and chloroethylating activities on wild-type L1210 leukemic cells, and transfectants expressing MGMT were studied. [30] In these earlier experiments, it was observed that the cytotoxicity of 90CE was highly dependent upon the MGMT activity, with MGMT transfected L1210 cells having approximately a 22-fold greater IC 90 concentration, while the cytotoxicity of a methylisocyanate liberating prodrug was independent of the MGMT activity. [30] As expected the simultaneous exposure to carbamoylating (MGMT independent toxicity) and chloroethylating (MGMT dependent toxicity) activities resulted in a net cytotoxicity with a lower MGMT dependency than observed with the chloroethylating activity alone. In the in vivo L1210 studies, the therapeutic selectivity of 90AC is primarily a consequence of the MGMT activity differential between wild-type MGMT negative L1210 leukemia and MGMT expressing normal murine tissues. Thus, the addition of a non-MGMT-dependent nontumor-selective toxicophore would similarly be expected to reduce the overall tumor selectivity, and this effect is observed in the in vivo experimental outcome. These studies suggest that the therapeutic superiority against L1210 leukemia is a consequence of some other distinctive property of laromustine rather than its combined carbamoylating and chloroethylating activities.
| Effects of pH, and [Pi] concentration on the half-life of laromustine
Unlike the stable (metabolically activated) acyl and alkoxycarbonyl prodrugs, the alkylaminocarbonyl prodrugs readily undergo spontaneous masking group cleavage/activation in neutral buffers. [13, 15, 16] As neoplastic cells typically have higher pHi values than normal cells, [35, 36, 43] we conducted a study of the effects of pH on the spontaneous activation of laromustine. The activation of laromustine was initially investigated over a pH range of 7.0-8.0 in a 1 mm potassium Pi buffer. A higher than physiological temperature (50°C) was used in preliminary experiments because this reduced the decay time by ~8-fold. Under such conditions, the decay of laromustine could be followed to essential completion over conveniently short-time intervals. The spontaneous decomposition of laromustine closely approximated to first-order decay kinetics (Figure 2 , panel e) with the half-life values being strongly dependent upon the pH. The half-life of laromustine at pH 8.0 was found to be ~8-fold shorter than at pH 7.0 and was ~2.4-fold shorter at pH 7.6 (neoplastic cell pH i ) than at pH 7.2 (normal cell pH i ) ( Figure 4 , panel a [44] In general acid/ based catalyzed reactions, the rate possesses additional pHdependent variables reflecting the change in the proportions/ concentrations of the buffer's acidic and conjugate base forms in response to the ambient pH. [44] General acid/based catalysis is usually observed when proton transfer is involved in the rate limiting reaction step and is most dominant when the pH of the solution is near the pKa of the catalytically active acid/base buffer component. [44] Anions of strong acids such as Cl − are inactive as general base catalysts at neutral pH values as they have extremely low proton affinities (low basicity) under these conditions. Specific and general acid/ base catalysis are easily distinguished; in specific acid/base catalysis, the rate of reaction is dependent upon the pH but is independent of the buffer concentration, whereas in general acid/base catalysis, the rate of reaction is dependent upon the buffer concentration at constant pH values. [44] To determine whether specific or general base catalysis was involved in the activation of laromustine, we measured the effect of varying the [Pi] from 1 to 32 mm on its half-life. The conditions utilized above which resulted in the fastest activation rate (pH 8.0, 50°C) were utilized for the initial experiments. The halflife of laromustine was found to be ~2.7-fold shorter at 32 mm Pi than at 1 mm Pi indicating that this activation was subject to general base catalysis ( Figure 4, panel b) . The observed half-life dependencies upon both pH and [Pi] have potentially important pharmacological consequences. Therefore, the half-life of laromustine was mapped at 37°C over physiologically and neoplastically relevant pH and [Pi] ranges ( Figure 5 ). Owing to the significantly slower rate of reaction at 37°C, the half-life values were calculated from initial rate measurements, rather than by following the decay to near completion. As expected, slower but similar fold laromustine half-life dependencies upon pH and [Pi] were observed at 37°C ( Figure 5 ). This activation rate response to pH and to a lesser extent [Pi] could provide a simple alternative explanation for the therapeutic edge of laromustine versus other 90CE prodrugs. Laromustine being a small, neutral, and permeable molecule [7, 8] should rapidly equilibrate throughout all tissues, but as a result of the increased laromustine activation rates (>2-fold) within tumor cells/tissues deliver a greater 90CE exposure compared to that experienced by normal tissue cells. The short half-life of 90CE and its largely anionic nature at tumor cell pHi values (pKa 90CE ~6.7) would then restrict its extensive equilibration/redistribution and help confine its activity within a close proximity to its site of activation. This action would result in a tumor cell biased delivery of cytotoxic stress. Pi and phosphomonoesters occur at high total combined intracellular concentrations and have pKa values close to neutrality making them the most important intracellular buffers [9, 45] and low molecular weight general acid/base catalysis. Thus, the concentrations of phosphates would be expected to be important players in addition to pH affecting the biological half-life of laromustine. Tumor cells may possess somewhat greater levels of Pi and some phosphoesters compared to normal cells, as it has been reported that their high glycolytic rate is associated with an increased rate of Pi uptake and higher levels of polyphosphates. [46] [47] [48] This could modestly augment the relative laromustine activation rates within tumor cells. Bicarbonate is the most important extracellular buffer but it is the conjugate base of a strong acid (true pKa ~3.5 [49, 50] ) with little proton affinity and therefore would not significantly add to the general base catalyzed activation of laromustine. The "apparent pKa" of carbonic acid is usually given as 6.35 [50] this value arises because the combined concentrations of dissolved CO 2 and H 2 CO 3 are used in place of the actual concentration of H 2 CO 3 in its calculation. The CO 2 + H 2 O ↔ H 2 CO 3 equilibrium lays heavily to the left in favor of dissolved CO 2 , and the true concentration of H 2 CO 3 is very much lower than the combined value. Thus, the acidity of H 2 CO 3 is far greater, and the basicity of HCO 3 − is much lower than its apparent pKa would imply. [50] The relatively low [Pi] (and soluble monoesters thereof) in plasma (~1 mm) compared to intracellular levels (>10 mm) [45, 51] should result in the spontaneous activation half-life of laromustine being nearly equivalent within plasma and normal cells, despite the plasma being ~0.2 pH units more alkaline (pH 7.4 versus 7.2). In our simple buffers ( Figure 5 ) of corresponding [Pi] and pH values, the spontaneous laromustine half-life was in the 30-40 min range, this is close to the ~30-min plasma half-life determined in patients. [52, 53] The presence of other minor biological buffering species/general base catalysts should further contribute to a shortening of laromustine's half-life. Thus, the initial biological transformation of laromustine is for the most part attributable to its spontaneous activation as a result of the ambient pH and the presence of non-enzymatic general base catalysts/buffering components. A high proportion of the total laromustine activation rate would have to be due to spontaneous base catalyzed elimination for a pH-dependent tumor cell targeting mechanism to function efficiently. The hypoxia activated 1,2-bis(methylsulfonyl)-1-(alkyl) hydrazine prodrugs KS119 and KS900 provide a precedent for the targeting benefits of intracellular liberation of shortlived 1,2-bis(methylsulfonyl)-1-(alkyl)hydrazines. KS119 and KS900 are both largely activated as a result of the intracellular reductive cleavage of a nitrophenyl(ethoxy)carbonyl masking group from the N-2 position of 1,2-bis(methylsulf onyl)-1-(alkyl)hydrazines selectively under hypoxic conditions. [54, 55] KS119 and KS900 exhibit profoundly greater cytotoxicity in in vitro experiments under hypoxic compared to normoxic conditions and are also far more potent than their non-latentiated universally active counterparts which lack reductive intracellular activation. [55, 56] While the pH-dependent laromustine activation rate differential between tumor/normal cells would be much smaller than the hypoxic/normoxic activation rate differentials of KS119 and KS900, [55] [56] [57] a similar albeit smaller degree of targeted cytotoxicity should still be observed.
| Effects of pH on DNA cross-linking
To verify that the increased rates of laromustine activation are reflected in a proportional increase in the rate of DNA cross-linking, the in vitro cross-linking of isolated L1210 DNA was measured after a 10-min exposure to either 400 μm laromustine or 0-400 μm 90CE at 37°C, in 20 mm potassium Pi, 100 mm KCl, 0.1 mm NaN 3 , buffer at pH values of 7.2 and 7.6. This exposure duration results in only partial laromustine reaction, but total reaction of 90CE. The 90CE experiments were performed for two reasons (i) to ascertain if there was a significant difference in the cross-linking of DNA by 90CE itself between these two pH environments, and (ii) to examine the proportionality of the yields of cross-link moieties/ DNA molecule versus 90CE concentration. It can be seen in the insert panel in Figure 6 that there was no significant difference between the cross-linking efficiency of 90CE in this buffer between these two pH values. Additionally the yields of cross-link moieties/DNA molecule showed a relatively linear dependence upon the 90CE concentration. It can be seen in Figure 6 that laromustine in the 10 min reaction window produced a ~2.4-fold increase in the yields of DNA crosslink moieties at pH 7.6 versus pH 7.2. This ratio is in reasonable agreement with the expected ratio for a 10-min reaction window based upon the half-life of laromustine under these conditions, and a linear dependency of the yields of crosslink moieties/DNA molecule versus 90CE concentration. The presence of 20 mm Pi has been previously shown to result in a modest decrease in the yield of DNA cross-links produced by 90CE compared to the absence of Pi. This is owing to a decreased yield of the chloroethylating species due to Pi acting as a Brønsted-Lowry base catalyzing the pathway shown in Figure 2 , panel d. [9] However, it is unlikely that differences in the total concentrations of Pi and phosphomonoesters between normal and neoplastic cells, unless truly exceptional, would result in any large decrease in the cross-linking yields from 90CE between these two environments. It should be noted that any detrimental effects on the DNA cross-link yields from 90CE as a consequence of Pi/ phosphomonoester concentration differentials between normal and tumor cells would not affect the relative standing of laromustine compared to the acyl or alkoxycarbonyl-based 90CE prodrugs, as all would be equivalently compromised with respect to their activity at the level of 90CE.
| Laromustine targeting implications
The primary cytotoxic selectivity of 90CE prodrugs appears to be dependent upon the absence of MGMT or its low level expression, [4, 21, 30, 42] unfortunately this only seems to occur in a small subset of neoplasms. In the case of laromustine, an additional high pHi targeting mechanism that results in greater rates of 90CE delivery to tumor cells is likely superimposed upon the primary cytotoxic selectivity. The alkaline pHi responsible for this weaker secondary cytotoxic targeting mechanism is a common cancer cell feature and is associated with the ubiquitous Warburg effect [36] (the tendency of cancer cells to use a high flux through glycolytic/anaerobic energy pathways irrespective of the availability of oxygen) (Figure 1 panel d) . The switching to a high pHi seems to be at least in part responsible for producing the increases in glycolytic flux via activating highly pH-sensitive rate limiting glycolytic enzymes such as phosphofructokinase 1. [35] Thus, most MGMT-deficient tumor cells are expected to also possess elevated pHi values. The degree of selectivity resulting solely from pHi differentials is unlikely to be of a sufficient magnitude, at least at the level possessed by laromustine, to elicit a large selective anticancer effect per se. However, when superimposed upon the selectivity resulting from a large MGMT differential a significant boost in therapeutic index is likely.
In order for the pH-dependent targeting to function efficiently, it is necessary for the active components liberated to exert their effects only locally (by possessing short halflives) to prevent equilibration with and action upon normal tissues, as this would blur the targeting bias. The half-life values that would be optimal for treating leukemias would probably be shorter than those required for solid tumors because the escape of active material from individual leukemia cells would be largely to body fluids and normal tissue cells. Whereas in solid tumor tissues where tumor cells are closely associated, more escape could be tolerated as it would result in a compensating bystander effect on neighboring tumor cells. The short half-life of methyl isocyanate especially in the thiol rich intracellular environments means that both the carbamoylating and chloroethylating activities of laromustine would be expected to exhibit tumor cell pH biased delivery. As the in vivo co-treatment experiments (Figure 3 ) indicated that carbamoylating activity may antagonize the therapeutic actions of the chloroethylating activity, the benefits of isocyanate generation per se may not be positive and analogs that liberate either self-immolative isocyanates or utilize alternative masking groups that are also subject to general base catalyzed activation may be preferable.
90CE targeting as a result of increased laromustine activation at elevated tumor cell pHi could provide an explanation for earlier puzzling in vitro observations. [21] In these studies, greater quantities of DNA cross-links were measured with laromustine using the comet assay in wild-type MGMTnegative L1210 cells than generated by equimolar concentrations of 90CE. In these experiments, a carbamoylating-only analog failed to exhibit any DNA cross-linking activity (as expected), and thus was unable to account for the enhanced DNA cross-linking levels occurring with laromustine.
| Implications for improved anticancer prodrug designs
There are at least four potential ways in which the effects of the differing pH (and Pi/phosphomonoester concentration) environments between normal and tumor cells could be exploited in the development of improved laromustine analogs: (i) using masking groups with a more pronounced pH dependency for their base catalyzed cleavage, (ii) liberation of a self-immolating isocyanate or the use of a non-isocyanateforming base cleaved masking group, (iii) using laromustine analogs liberating bis(sulfonyl)hydrazines (BSHs) with shorter half-lives and/or lower pKa values (higher proportion in a lower permeability anionic form) to more precisely confine their cytotoxic action to the high pH i environment, (iv) utilizing BSHs which minimize the increased flux through the thiophilic electrophile generating pathway in response to elevated Pi/phosphomonoester concentrations. The latentiation of existing or novel anticancer agents by the generation of prodrug forms that require a simple base catalyzed activation step may be a viable strategy to further enhance their tumor selectivity. The application of this strategy would likely be most efficacious in cases where the active agent has a relatively short biological half-life or possesses low tissue permeability so as to minimize re-equilibration of the active agent between tumor and normal tissues.
It is interesting to speculate if an advantage derived from base catalyzed activation could also be responsible for providing some known anticancer agents with a therapeutic edge. For example, the prodrug 1-(2-chloroethyl)-3-acyl-3-m ethyltriazene (CMM) [19] possesses a latentiating methylaminocarbonyl moiety that is almost certainly susceptible to base catalyzed activation. CMM, like laromustine, also generates a short-lived chloroethylating species. Thus, with respect to both activation and activity, CMM is probably a close functional homologue to laromustine, and like laromustine, CMM exhibited significantly superior in vivo activity against several murine tumor models compared to triazene analogs using other latentiating groups. [19] Unlike pHi values, the extracellular pH values (pHe) of solid tumors are typically more acidic than those of normal tissues with an average pHe value of ~6.9 compared to ~7.4 for normal tissues. This is largely a result of the high glycolytic flux/lactate output of tumor cells, [35] coupled with the aberrant microvascular structure of solid tumors resulting in poor lactate clearance. [57, 58] However, the extracellular space comprises a relatively small fraction of the overall tumor tissue volume typically, but not always <10%. [59] Thus, the slower activation of laromustine in the relatively small extracellular volume would not offset a >2-fold rate of intracellular activation. Furthermore, a slower activation rate of laromustine in the acidic extra-cellular environment would help minimize wasteful extracellular reaction and aid in bystander kill.
| CONCLUSIONS AND FUTURE
DIRECTIONS
The antagonistic rather than agonistic effects on the therapeutic efficacy of 90AC (90CE prodrug) by co-treatment with ProMIC (methyl isocyanate prodrug) implies that the dual prodrug nature of laromustine (generating both 90CE and methyl isocyanate) is likely not responsible for its superior in vivo therapeutic activity. However, the high dependency of laromustine's masking group cleavage rate upon general base catalyzed activation provides a potential explanation for its greater tumor selectivity. The atypically alkaline pHi values of tumor compared to normal cells [35] would be expected to result in a tumor cell biased delivery of cytotoxic stress under in vivo conditions. A >2-fold increase in 90CE liberation rate from laromustine would be anticipated in tumor versus normal cells. This effect would superimpose an additional tumor targeting mechanism upon its primary selectivity based upon the absence of MGMT expression. The recognition of these sensitivities could permit the identification of highly responsive patient sub-populations and aid in the development of personalized therapies. For example, AML patients whose leukemic blasts expressed little or no MGMT activity could also be evaluated for elevated pHi values. This could be measured directly with fluorescent probes or inferred based upon the expression of elevated levels of proteins involved in hydrogen ion extrusion such as the monocarboxylic acid transporters 1 and 4. As cells lacking both MGMT expression and homology directed repair (HDR) have been reported to be hypersensitive to laromustine, [60] HDR competence could represent an additional sensitivity marker.
Based upon the concept of pHi targeting, it should be possible to design improved second generation laromustine analogs. Furthermore, it may be possible to exploit the elevated pHi values of tumor cells as a secondary therapeutic target to enhance the therapeutic index of existing or novel anticancer agents by the incorporation of a latentiating group that is subject to base catalyzed cleavage.
